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Abstract 
During the last century there has been a growing concern about water pollution throughout the 
developed countries. Water has a major impact on the environment as it is used by all living 
being. This leads to leave the wastewater used with an acceptable quality for its next 
destination.  
Fortunately, national and international water quality agreements and laws have pushed 
development of wastewater treatment technology that nowadays allows us to return the used 
water to the environment in good conditions.  
Nevertheless, more modern and simpler technologies should be researched in order to make 
wastewater treatment a process reachable all around the world within the minimum 
environmental impact and minimizing waste. 
This thesis researches one of the technologies with more future in this field; the Fenton process, 
a reaction that belongs to the Advanced Oxidation Processes (AOPs). The aim of this thesis is to 
optimise the Fenton reaction. This has been done by testing different catalysts, concentration 
of chemicals, and operational conditions.  
 In this context, the experiments performed in the frame of this study have explored: 
 The feasibility of the iron/iron oxide catalyst. 
 The optimum reactive conditions for the heterogeneous Fenton process; the reaction 
pH, concentration of the H2O2 and temperature. 
 The optimal preparation of the catalyst in terms of its level of oxidation and 
Its potentials or limitations in applied Fenton process. 
Towards the checking of these parameters the experiments were conducted using propionic 
acid (PA) as a model of organic substance with nine different iron oxide catalysts in order to 
simulate a wastewater sample under the Fenton’s reaction and with a regular checking of the 
amount of total organic carbon (TOC) with time.  
Obtained results showed good process efficiency near to 50% of TOC removal, working at a 
smoothly acid pH and without remarkable iron leaching at 60 ºC and an excess of H2O2.  
 
 
Keywords: 
Advanced oxidation process 
Fenton oxidation 
Heterogeneous catalysis 
Wastewater  
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Symbols 
A  Arrhenius constant (min-1) 
AOPs  Advanced Oxidation Processes 
BOD  Biochemical Oxygen Demand (mg·L-1) 
Ca  Concentration of PA (moles·L-1) 
COD  Chemical Oxygen Demand (mg·L-1) 
CWA  Clean Water Act 
DO  Dissolved Oxygen (mg·L-1) 
DOC  Dissolved Organic Carbon (mg·L-1) 
DWD  Drinking Water directive 
Ea  Activation energy (kJ·mol-1) 
EC  European Commission 
ED  Electrodialysis 
FAOs  Food and Agricultural Organisation 
GWP  Global Water Partnership 
H2O2  Hydrogen peroxide 
IC  Inorganic Carbon (mg·L-1) 
ISO  International Organisation for Standardisation  
k  Kinetic constant (min-1) 
MF  Microfiltration 
Na  Number of moles of PA 
NBDR  Non-Biodegradable Residue 
NH4+-N  Nitrogen in the form of ammonium 
·OH  Hydroxyl radical 
PA  Propionic Acid 
R  Ideal gas constant (J·mol-1K-1) 
ra  Reaction rate (moles·L-1·min-1) 
RO  Reverse Osmosis 
Sp  Spheres 
t  Time (s) 
TDS  Total Dissolved Solids (mg·L-1) 
TOC removal Total Organic Carbon Removal (%) 
TOC  Total Organic Carbon (mg·L-1) 
TSS  Total Suspended Solids (mg·L-1) 
U.S  United States 
UF  Ultrafiltration 
UN  United Nations 
UVC  Ultra-violet C 
V  Volume (L) 
WW  Wastewater 
WWAP  World Water Assessment Program 
WWC  World Water Council 
WWTP  Wastewater Treatment Plant 
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1. Introduction 
This century, one of the main concerns of the mankind has been the development of our society 
in harmony with the environment and the maximum minimisation of our impact on it. In this 
context there are many ways to be studied and researched, therefore the quality of the water 
that we leave after our use, the wastewater, should be correctly treated. 
The presence of many organic contaminants in wastewater, surface water, and ground water 
often results from different anthropogenic activities. In certain cases, conventional treatment 
methods such as biological processes are not effective for the removal of various pollutants due 
to their recalcitrant nature. Therefore, oxidation processes may be used for degradation of such 
pollutants (Babuponnusami & Muthukumar, 2013). 
Advanced Oxidation Processes (AOPs), are considered as non-waste generating technologies, 
they represent a robust alternative to traditional treatment processes as they are degrading the 
organic matter, not just transforming it into another phase as in case of adsorption or 
coagulation. Therefore, they can be successfully used for wastewater treatment, especially for 
dyes and other heavily polluted effluents. AOPs have been many times set as a pre-treatment 
step prior to biological treatment or they are used as final polishing step in wastewater 
processing (Soon & Hameed, 2010). 
One of the promising AOPs is Fenton oxidation. The conventional Fenton process involves the 
use of one or more oxidising agents (usually H2O2) and a catalyst (a metal salt or oxide, usually 
iron) at acidic pHs (Hung, Wang, & Shammas, 2012) to form active oxygen species that oxidize 
organic or inorganic compounds (Babuponnusami & Muthukumar, 2013). The process can be 
conducted both homogeneously and heterogeneously under various combinations (different 
heterogeneous phase, with the presence of radiation, between others). The active sites in the 
Fenton process are derived from iron ions which serve as catalyst to break down the hydrogen 
peroxide molecules into numerous hydroxyl radicals (Soon & Hameed, 2010). The homogeneous 
Fenton process, however, produces a lot of waste iron sludge, which could contain many 
hazardous compounds adsorbed from wastewater. Given this,  this thesis has been oriented 
toward heterogeneous Fenton processes with iron spheres under a simple process of oxidation 
in order to obtain the maximum specific surface  which will maximise the reactive surface, hence 
optimising the efficiency of the reaction, without expensive treatment procedures.  
 
2. The aim of the thesis 
The aim of the master thesis is to find the best conditions to obtain the highest efficiency of the 
heterogeneous Fenton process while keeping it environmental friendly with low cost catalysts. 
Therefore different kinds of catalysts with different reaction conditions will be tested in a 
solution with propionic acid, as an organic model pollutant, along the followed process by the 
measurement of the TOC remaining in the solution.  
As it has been seen in other publications, there could be some iron leaching from the iron oxide 
catalysts, therefore the amount of iron at the end of the process will be also measured, as the 
pH value, to ensure that the reaction is not leaving hazardous amounts of iron. In addition, the 
Fenton reaction is also highly dependent on the temperature and the amount of H2O2 added; 
hence the thesis will analyse and determine the optimal values of these major parameters of 
the Fenton reaction. 
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This laboratory work is expected to export someday this technology to a real water treatment 
plant, which will need much less energy and chemicals to treat its water. Beside, since the 
oxidation processes are degrading the organic material, it is also expected less sludge and waste 
coming out from the water treatment plant.  
 
3. Theoretical background 
3.1. Water resources in the 21st. century 
The Earth, the blue planet, is a world more than half covered by oceans, its poles capped with 
ice sheets and its atmosphere laden with moisture. Yet, in the last decade, water resources 
planners have frequently signalled at international level for a change, and through mass media, 
an impending water crisis, and highlighted issues of water management. Organisations such as 
the World Water Council, and the Global Water Partnershipwere both created in 1996 and 2000 
respectively. No less than twenty-four United Nations agencies formed the World Water 
Assessment Programme to work together to promote awareness and study the crisis (Brichieri-
Colombi, 2009). 
Between the many other environmental problems that the society have to face in this 21st 
century, the consumption of drinkable water is becoming one of the most important ones. With 
the occidental societies used to get drinkable water just from the pipe of their homes, 
population ignore its real value. Not so far, in Europe there have already been some examples 
where this service was in danger. In Barcelona during the summer of 2008 the city was obliged 
to import water from France by ships, who was doing this service for first time. In the same way 
some areas have already had some arguments about the use and disposal of rivers that pass 
through them. The amount of water that each land can take or the pollutants concentration that 
they cannot exceed to throw are sensible issues everywhere. In developing nations, clean water 
is the exception rather than the rule. In 2005 every 15 seconds a child under the age of 5 died 
from a water-related illness. Seventeen percent of the Earth’s population (1.2 billion people) do 
not have reliable drinking water and 40 percent of the population do not have access to 
adequate sanitation (Davis & Cornwell, 2008). 
Given the above figures, the scientific community fears that water will become “the new oil”. 
Even though this could sound exorbitant, as we can see on the Figure 1 there should be 
reminded that from the 70% of the earth which is covered with water, only 3% is fit for humans 
consumption, of which two thirds is comprised of frozen and largely inhabited ice caps and 
glaciers, leaving 1% available for consumption (Spellman, 2008). 
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Figure 1. World’s water distribution. 
 
The different kinds of water have different and unique characteristics or dynamics, and yet all 
are connected. Surface waters and groundwaters are sources of drinking water for humans, and, 
along with coastal waters, are habitats for aquatic life. However, these waters are also 
depositories of discharges of human and industrial wastewaters. As a consequence, the 
relationship between waste discharges into natural waters and the resulting quality of these 
receiving waters is at the core of water-quality management (Chin, 2013). 
Besides this, the water available to be consumed is not equally distributed across the globe. In 
this way, following the Food and Agricultural Organisation of UN (FAO’s) latest’s values in Table 
1, it is comparable the total amounts of water precipitation depending on the area, and how this 
water is used. It is easy to notice that western and Mediterranean countries in Europe are the 
ones with less precipitation. In addition, due to their weather, Mediterranean countries are 
agricultural producers, withdrawing almost half of their available rain water for this sector. This 
contrasts with central Europe and Slovenia, where the tendency is the opposite.  
  
96.5%
0.9%
0.8% 1.8% 0.0%
World's Water Distribution
Oceans and salted lakes Salt groundwater Groundwater Ice Rest
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Table 1. Water disposal and consumption by sectors – (FAO, 2014). 
State 
Long-term 
average 
precipitation 
in volume 
(109 m3/yr) 
Total 
renewable 
water 
resources per 
capita (actual) 
(m3/inhab/yr) 
Agricultural 
water 
withdrawal as 
% of total 
water 
withdrawal (%) 
Industrial 
water 
withdrawal as 
% of total 
water 
withdrawal (%) 
Municipal 
water 
withdrawal as 
% of total 
withdrawal (%) 
Canada 5362.0 82485.0 no data no data no data 
United States of 
America 7030.0 9589.0 40.2 46.1 13.7 
Brazil 14995.0 43157.0 60.0 17.0 23.0 
Northern Europe 247.1 126520.6 22.9 37.6 39.6 
Western Europe 131.9 5214.8 4.3 67.6 28.1 
Central Europe 74.5 10201.6 5.8 55.4 34.8 
Mediterranean 
Europe 100.1 3967.9 48.9 18.6 32.5 
Slovenia 23.6 15381.0 0.2 82.3 17.5 
 
The Table 1 above outlines how in the countries that have less precipitation rates, water 
becomes a valuable resource that society should start to concern about. Besides in the water 
equation should be taken in account that the consumption of water is increasing twice as fast 
as the world’s population is doing. With this perspective of lack of water that the world will have 
to face, society should focus on the renewal of this water. In other words; water treatment.  
The goals of the water treatment are: 
 Preventing the disease and nuisance conditions. 
 Avoiding contamination of water supplies and navigable waters. 
 Maintain a clean water for ecosystems.  
 Conserve the quality of water for a future use.  
These goals should be universal and necessary in the five continents to maintain both the health 
of the population and of the environment. Even though these general points are clear, the 
quality of the water should be quantified in order the keep always a minimum standards that 
follows the health and environmental requirements (Chin, 2013). 
 
3.1.1. Drinking water quality 
Drinking water quality is a worldwide concern. Contaminated drinking water has the greatest 
impact on human health worldwide, especially in developing countries. Advances in drinking 
water research followed by the establishment of multiple barriers against microbial pathogens 
and parasites have significantly increased the safety of the water we drink daily, particularly in 
industrialized nations (Hung, Wang, & Shammas, 2012). 
The first regulations for water quality were primarily for bacteriological control, beginning with 
the U.S Public Health Standards of 1914. These first standards applied only to water used in 
interstate commerce. Drinking water standards for chemicals were introduced in the U.S Public 
Health Standards amendments in 1925, which included standards for lead, copper, and zinc 
(Howd & Fan, 2008). 
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Recently, in America, the Federal Water Pollution Control Act, commonly referred to as “The 
Clean Water Act” (CWA) was the primary federal law in United States governing water pollution. 
The CWA defines water quality in terms of designated beneficial uses with numeric and narrative 
criteria that support each use. The non-degradation principle of the CWA of 1974 states that the 
waters of the United States shall not be degraded below their level at the time of the Act. Each 
type of receiving water has its own specific characteristics which must be considered in the effort 
to achieve non-degradation while allowing growth in population and industry (Alley, 2007). The 
objective of the CWA is to restore and maintain the chemical, physical, and biological integrity 
of the nation’s waters by preventing point and nonpoint pollution sources, providing assistance 
to publicly owned treatment works for the improvement of wastewater treatment, and 
maintaining the integrity of wetlands. Pollutants regulated under the CWA include “priority” 
pollutants, including various toxic pollutants; “conventional” pollutants, such as biochemical 
oxygen demand (BOD), total suspended solids (TSS), fecal coliform, oil and grease, and pH; and 
“non-conventional” pollutants, including any pollutant not identified as either conventional or 
priority. The CWA regulates both direct and indirect discharges (EPA, 2014). 
Like CWA, many other laws around the world have been made to protect the water quality. Each 
one has a different classification but one of the possible ones would be: (1) Domestic sewage; 
(2) sanitary (3) Industrial (4) combined (sanitary and stormwater) (5) Stormwater (Spellman, 
2008). 
In Europe the actual European legislation about quality of water is regulated by The Drinking 
Water Directive (Council Directive 98/83/EC). It concerns the quality of water intended for 
human consumption. Its objective is to protect human health from adverse effects of any 
contamination of water intended for human consumption by ensuring that it is wholesome and 
clean (European Comission, 2014).  
Currently the directive says: 
“The Drinking Water Directive applies to: 
 All distribution systems serving more than 50 people or supplying more than 10 cubic 
meter per day, but also distribution systems serving less than 50 people/supplying less 
than 10 cubic meter per day if the water is supplied as part of an economic activity; 
 Drinking water from tankers; 
 Drinking water in bottles or containers; 
 Water used in the food-processing industry, unless the competent national authorities 
are satisfied that the quality of the water cannot affect the wholesomeness of the 
foodstuff in its finished form. 
The Drinking Water Directive doesn’t apply to: 
 Natural mineral waters recognised as such by the competent national authorities, in 
accordance with Council Directive 80/777/EEC of 15 July 1980 on the approximation 
of the laws of the Member States relating to the exploitation and marketing of natural 
mineral waters and repealed by Directive 2009/54/EC of 18 June 2009 on the 
exploitation and marketing of natural mineral waters; and 
 Waters which are medicinal products within the meaning of Council 
Directive 65/65/EEC of 26 January 1965 on the approximation of provisions laid down 
by law, regulation or administrative action relating to medicinal products and repealed 
by Directive 2001/83/EC of 6 November 201 on the Community code relating to 
medicinal products for human use.” (European Comission, 2014) 
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In general terms water quality reflects the composition of water as affected by natural causes 
and man’s cultural activities, expressed in terms of measurable quantities and related intender 
water use. For scientific and legal purposes the following definition of water quality is the most 
often used: “Water quality is the ability of a water body to support all appropriate beneficial 
uses”. Within a water body, there could be more than one designated use. For instance, water 
suitable for drinking can be used for irrigation, but water used for irrigation would not meet 
drinking water guidelines (Pharino, 2007). 
 
3.2. Wastewater 
Wastewater (WW) is the liquid that is collected after industrial, commercial, agriculture or 
domestic activities (Martín, 2014). The pollution of it can be considered in a number of ways but 
in simple terms it is the addition of an array of elements to the water. The most important are 
carbon, nitrogen, phosphorus and heavy metals (Forster, 2003).  
 
3.2.1. Pollutants and sources 
The presence of organic contaminants in wastewater, surface water and ground water may 
result from different sources, like a contaminated soil, the domestic WW, the agricultural runoff 
or industrial WW and hazardous compounds storage leakage. However, the most remarkable 
ones are municipal and industrial WW. This is due to the fact that in large cities municipal WW 
contains big amounts of organic and inorganic matter in suspended, colloidal and dissolved 
forms. Indeed concentration in the municipal WW varies a lot depending on the original 
concentration in the water supply, the uses to which the water has been putted and several 
external factors like the climatology. On the other hand, industrial WW generates a wider variety 
of contaminants that are frequently mixed in an ample range of concentrations, as it can be seen 
in the Table 2. The industrial WW treatment needs a constant development of cost-effective 
technical solutions to successfully deal with the increasingly complex problem arising in its field 
(Bautista, Mohedano, Casas, Zazo, & Rodriguez, 2008). 
The treatment of the WW is needed as the presence of organic compounds in water poses 
serious threat to public health since most of them are toxic to humans, animals and aquatic life 
in general. Many organic pollutants are considered as toxic and detrimental even when present 
at very low concentrations (Babuponnusami & Muthukumar, 2013).   
There are two ways of classifying the sources of contamination as it is showed in Table 2. In one 
hand, there are the point sources, which would be the localized discharges of contaminants, 
including industrial and municipal wastewater outfalls, septic tank discharges and hazardous 
waste spills. The wastes are from both, human and animal sources, like for instance the animal 
feeding operations. On the other hand, there are also the nonpoint sources which include 
contaminant sources that are distributed over large areas or are composite of many point 
sources, including runoff from agricultural operations, fallout from the atmosphere, and 
municipal runoff (Chin, 2013). Both types can, however, become either contaminated by 
biological or chemical pollutants (Hung, Wang, & Shammas, 2012).  
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Table 2. Major pollutant categories and principal sources of pollution (Hung, Wang, & Shammas, 2012). 
 Point Sources Non-point Sources 
Pollutant 
category 
 Domestic 
Sewage 
Industrial 
Wastewaters 
Agricultural 
runoff 
Municipal 
runoff 
Oxygen-demanding material X X X X 
Nutrients X X X X 
Pathogens X X X X 
Suspended solids/sediments X X X X 
Salts / X X X 
Toxic metals / X / X 
Toxic organic chemicals / X X / 
Endocrine-disrupting 
chemicals 
X X X / 
Heat / X / / 
X: Pollutant present. 
/: Pollutant not present. 
 
3.2.1.1. Emerging pollutants 
Besides the already known pollutants that the WW contains, in the last years new and 
unexpected compounds were found on the WW even after the treatment process. These 
pollutants were named as the “emerging pollutants”.  
For 20 years, many articles have reported the presence of these new compounds in wastewater 
and aquatic environments. Emerging pollutants are new products or chemicals without 
regulatory status and whose effects on environment and human health are unknown (Deblonde, 
Cossu-Leguille, & Hartemann, 2011). 
Emerging pollutants encompass a wide range of man-made chemicals. The compounds in 
question are derived, in large part from (1) veterinary and human antibiotics, (2) human 
prescription and non-prescription drugs, (3) industrial household wastewater products, and (4) 
sex and steroidal hormones, which are in use worldwide and indispensable for modern society 
(Metcalf & Eddy, 2004). It has been proved that between 1930 and 2000, global production of 
anthropogenic chemicals increased from 1 million to 400 million tons per each year. As Table 3 
shows, statistics published by EURO-STAT in 2013 reveal that, between 2002 and 2011, over 50% 
of the total production of chemicals is represented by environmentally harmful compounds. 
Over 70% of these are chemicals with significant impact (Gavrilescu, Demnerova, Aamand, 
Agathos, & Fava, 2015). 
 
Table 3. Production of environmental harmful chemicals in EU-28 (EUROSTAT, 2014) 
                                                        Quantity (million tons)    
Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 
Total production of chemicals 330.0 333.0 354.7 356.7 360.4 370.3 339.3 296.0 339.9 326.8 329.6 321.8 
Environmentally harmful chemicals, 
total 
176.0 179.0 152.5 153.3 152.8 155.2 142.5 130.9 145.6 139.0 136.9 133.9 
Chemicals with severe chronic 
environmental impacts 
30.0 31.0 56.0 56.9 57.4 56.5 50.8 46.7 51.2 48.3 48.4 48.0 
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Aside from these chemicals, there are also biological micro-pollutants, such as enteric bacteria, 
mycoplasmas, viruses and protozoa, which are the source of many waterborne diseases and 
remain a major cause of death worldwide.  
The problem of emerging pollutants is the lack of knowledge of their impact in the mid-term or 
long-term effect on human health, the environment, and aquatic environments. This is due to a 
lack of satisfactory data to determine their risk (Deblonde, Cossu-Leguille, & Hartemann, 2011). 
Even though there are already some monitoring programs for the control of conventional 
pollutants, European monitoring programmes discriminate among the most frequently detected 
emerging pollutants in groundwater, with the clear risk that the presence of this compounds 
make to the drinking water. Table 4 shows the principal emerging pollutants and their 
concentrations in influent and effluent of wastewater treatment plants. In many of them the 
removal rate is insufficient.  
 
Table 4. Concentration of some emerging compounds in influent and effluent of wastewater treatment plants 
(Gavrilescu, Demnerova, Aamand, Agathos, & Fava, 2015). 
 Concentration (ug/L) 
 Influent Effluent Removal 
rate (%)  Means Median Min Max Means Median Min Max 
Antibiotics 4.23 0.30 0.08 7.91 0.43 0.21 0.04 1.01 51.01 
Atiepileptics 1.24 0.24 0.12 2.39 0.82 0.46 0.04 2.27 29.86 
Analgesics and 
antiinflammatories 
3.30 1.48 0.12 9.67 1.22 0.37 0.05 4.05 56.50 
Lipid Regulators 1.00 1.04 0.18 3.21 0.55 0.23 0.07 1.62 56.33 
Betablockers 0.96 0.47 0.69 19.34 0.35 0.41 0.02 0.94 46.90 
Diuretics 2.11 / / / 1.79 / / / 22.42 
Contrast media 6.06 / / / 2.06 / / / 57.15 
Cosmetics 2.58 2.03 0.79 10.02 0.61 1.08 0.75 1.23 76.15 
Psyco-stimulants 41.68 52.42 3.69 118.0 1.30 0.64 0.17 12.00 96.90 
Desinfectant 0.85 0.32 0.30 1.93 0.20 0.18 0.01 0.22 76.8 
Antidepressants 5.85 / / / 0.11 / / / 98.10 
Plasticisers 13.75 7.69 0.12 45.12 0.63 0.15 0.00 2.70 94.90 
Phthalates 12.31 6.78 0.13 39.40 2.44 0.93 0.00 6.14 67.78 
/: no data available. 
 
Several proposals have been made to avoid their adverse effects on ecosystems; the first one is 
to increase the efficiency of sewage treatment with other treatments, specific to the chemical 
and emerging micro pollutants. A second one would be to install specific treatments upstream 
wastewater treatment plants (WWTP) targeted for specific elimination of the pollutants 
discharged by an industrial plant or a hospital (Deblonde, Cossu-Leguille, & Hartemann, 2011). 
 
3.2.2. Water quality indicators 
To establish a common and regulated quality of water, there should be disposed some 
characteristics that the treated water must have, and that are gathered by the law.  
Water quality parameters provide a yardstick by which to measure physical, chemical and 
biological characteristics of water. These parameters include a range of characteristics that 
make water appealing and useful to consumers, and that ensure the water presents no harm or 
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disruption to the environment or to humans within a wide range of possible water uses (Drinan 
& Spellman, 2000). 
Water characteristics could be divided into two groups; physical and chemical. 
The most important physical characteristic of wastewater is its total solids content, which is 
composed of floating, matter, settleable matter, colloidal matter, and matter in solution. Other 
important physical characteristics include particle size distribution; turbidity; colour; 
transmittance; temperature; conductivity; density; specific gravity; and specific weight (Metcalf 
& Eddy, 2004).  
However, chemical water characteristics are composed basically by oxygen demand indicators, 
the presence of nitrogen or metals and the water pH.  All of them are commented below.  
Total suspended solids (TSS) 
TTS is an amount of suspended matter in water. A high amount of TSS cause water turbidity, 
blocks sunlight needed by aquatic vegetation and clogs the gills of fish. Land erosion from 
anthropogenic activities such as mining, construction, logging and farming is the major cause of 
suspended sediment in surface runoff (Chin, 2013). 
Turbidity 
Turbidity is a measure of the light-transmitting properties of water, is another test used to 
indicate the quality of waste discharges and natural waters with respect to colloidal and residual 
suspended matter (Metcalf & Eddy, 2004). 
Colour 
The colour is made by the dissolved organic material from decaying vegetation and certain 
inorganic matter. Occasionally, excessive blooms of algae or the growth of aquatic 
microorganisms may also impart colour. Even though colour itself is not usually objectionable 
from the standpoint of health, its presence suggests that the water needs appropriate treatment 
(Davis & Cornwell, 2008). 
Absorption/Transmittance 
The absorption and transmittance are a measure of the amount of light, of a specified wave-
length, that is absorbed by the constituents in a solution. Absorbance is measured using a 
spectrophotometer and fixed path length (Davis & Cornwell, 2008). 
Temperature 
The temperature that the water has is an important parameter to take in account. It effects on 
chemical reactions and reaction rates, aquatic life and the suitability of the water for beneficial 
uses.  
In addition oxygen is less soluble in warm water than in cold water, this combined with the rate 
of biochemical reactions that accompanies an increase in temperature, and can often cause 
serious depletions in dissolved oxygen concentration in the summer months (Metcalf & Eddy, 
2004). 
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Conductivity 
Electrical conductivity of water is a measure of the ability of a solution to conduct an electrical 
current. It increases as the ions concentration does. In effect it is used as a surrogate measure 
of total dissolved solids (TDS) concentration (Chin, 2013). 
Dissolved Oxygen Concentration (DO) 
DO is one of the most important water-quality parameters affecting the health of aquatic 
ecosystems, fish mortality, odours, and other aesthetic qualities of surface water. Discharge of  
oxygen demanding organic substances into water bodies result in the consumption of oxygen 
and the depression of DO levels  (Chin, 2013). 
 
 
As it shows the Figure 2, in rivers DO’s concentration is in balance with the O2 of the air. The 
decrease of O2 by the BOD breaks this balance and a net O2 flow is created from the air to the 
water.  
Biochemical Oxygen Demand (BOD) 
BOD is the total amount of oxygen required by bacteria to biochemically oxidize organic matter 
present in water (Chin, 2013). 
Chemical Oxygen Demand (COD) 
COD is the total amount of oxygen required to oxidize all the organic matter (biodegradable or 
not) that the water contains (Arnaldos, et al., 2014). 
Total Organic Carbon (TOC) 
TOC is the total amount of carbon that proceeds from organic matter and becomes CO2 after 
oxidation with oxygen. It gives similar information to COD (Arnaldos, et al., 2014). 
Nitrogen 
Nitrogen stimulates the growth of algae. The oxidation of nitrogen species can consume 
significant amounts of oxygen. There are several forms of nitrogen that can exist in water bodies, 
Figure 2. DO in rivers within the time (Arnaldos, et al., 2014). 
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including organic nitrogen (e.g., proteins, amino acids, and urea), ammonia-nitrogen (NH4+ and 
NH3), nitrite-nitrogen (NO2-), nitrate-nitrogen (NO3-), and dissolved nitrogen gas (N2).  
As it can be seen schematically in Figure 3, to get all the different nitrogen’s forms, some 
processes take place in aquatic environments. Microorganism break down organic nitrogen to 
release ammonia in a process called ammonification or deamination, and NH3 is transformed to 
NO3- in a process called nitrification. Depending on the water’s pH there will be an equilibrium 
according to the relation of the Equation 1. 
𝑁𝐻4
+ + 𝑂𝐻−↔𝑁𝐻3 +𝐻2𝑂 
At pH 7 or below most of the ammonia nitrogen will be ionized as ammonium, while at pH levels 
greater than 9 the proportions of nonionized ammonia will increase (Chin, 2013). 
 
 
Figure 3. Nitrogen cycle. (Bernhard, 2014). 
 
Nitrogen is also one of the elements responsible of the lakes eutrophication. Lakes can become 
eutrophic naturally (with several hundreds of years) or through misuse by humans. A eutrophic 
lake is one in which the nutrient concentration and biomass production are very high. The 
process is leaded by the growth of eutrophic organism, such as algae, which is enhanced by the 
presence of nutrients (C, N, and P). If excessive amounts of these nutrients are present, algae 
can proliferate and cause eutrophication that will carry through a lack of DO (Alley, 2007). 
Metals 
Because of the significant negative effects that certain toxic metals can have on human health, 
metal pollution is potentially one of the most serious forms of aquatic pollution. Toxic metals of 
concern in water bodies typically include arsenic (Ar), cadmium (Cd), copper (Cu), chromium 
(Cr), lead (Pb), mercury (Hg), Nickel (Ni), and zinc (Zn). They are known as heavy metals (Chin, 
2013). 
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pH 
The pH of natural water bodies affect biological and chemical reactions, control the solubility of 
metal ions, and affect natural aquatic life. As the pH in a river is lowered, more metallic ions will 
be held in a solution. The desirable pH for freshwater aquatic life is in the range 6.5-9.0 and 6.5-
8.5 for marine aquatic life (Chin, 2013). 
 
3.2.3. Wastewater Treatment 
Wastewater needs a sequence of processes to be treated and returned to the environment for 
its next use. On the chapters above the sources of pollution and its quality parameters were 
discussed, on the coming one the procedures to treat this wastewater will be commented.  
Before any wastewater treatment is considered, a wastewater must be first characterised. 
Wastewater can be physically, chemically, or biologically treated (Alley, 2007). 
 
3.2.3.1. Physical-chemical treatment 
Physical and chemical processes include reduction of suspended solids, colloidal particles, 
floating material, colour, and toxic compounds by either flotation, coagulation/flocculation, 
adsorption, chemical oxidation and air stripping (S.Renou, Givaudan, Poulain, Dirassouyan, & 
Moulin, 2007).  
The physicochemical processes have extensively been used in treating domestic and industrial 
wastewater, in combination with other biological treatment processes (Wang, Hung, & 
Shammas, 2007). Physicochemical processes have the advantage that they can be readily 
controlled and started or stopped rapidly without any adverse effects, where the biological are 
needed of a longer starting time. In addition, they can accommodate a wide variation in flows 
and loads, and can be used on biologically resistant materials. On the other hand they present 
also major disadvantages; they are producing large quantities of sludge, the operational costs 
are higher, and large concentrations of dissolved salts may be present in the treated water 
(Forster, 2003). 
Both treatments will be discussed in the following section.  
 
Equalization 
Equalization process is aimed to reduce variation in wastewater flow or concentration of 
pollutants. It retains water during surge periods and releases water during low flow periods and 
mix high concentration water with low concentration. To do this, the process requires the 
routing of the wastewater stream through storage facilities. The system can be configured to 
equalize flow, concentration or both. In that way the system reduces peaks flows, reduces peaks 
concentration, optimize conditions for downstream biological processes and control of the pH.  
With the equalization control system the size of more expensive downstream treatment 
facilities can be reduced (Alley, 2007). 
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Screening 
Screening is a step used to separate inorganic solids from a liquid by particle size by the least 
expensive method.  
The simplest form of solids separation is grids or sieves of a spacing less than the diameter of 
the solid being removed. These solids must be removed manually or automatically from the 
screens (Alley, 2007). 
Sedimentation 
Sedimentation and flotation are the most basic and generally the most feasible of wastewater 
treatment processes. Sedimentation is a process to separate settable solids from liquids, 
removal of particulate matter, chemical floc, and precipitates from suspension through gravity 
settling (Hammer & Hammer, 2001). Its efficiency is related to various factors such as loading 
rate, water quality, particle/floc size and weight or the tank geometry, and can reach the 95% 
of floc removal (Wang, Hung, & Shammas, 2007). 
Flotation 
Flotation is a process used to separate solid or liquid particles from a liquid phase by gravity, 
perhaps aided by coagulation, flocculation or dissolved air.  
A dissolved, soluble or emulsified chemical, a fat, oil, or grease that is of lower specific gravity 
than water must be chemically converted to a filterable chemical, or it must have its emulsion 
broken before flotation (Alley, 2007). 
Membrane filtration 
Membrane filtration is a separation process in which one or more bulk phases is separated from 
another phase(s) through the use of a membrane. Which is a thin solid media that is 
characterized by the size of its pores (Alley, 2007). Membrane filtration processes used in WW 
treatment can be categorized into four classes according to the size of particles that can be 
retained, namely, reverse osmosis (RO), ultrafiltration (UF), microfiltration (MF), and 
electrodialysis (ED). While ED and RO are proven processes for desalting brackish water, the UF 
and MF techniques are useful in removing macromolecules, colloids and suspended solids 
(Wang, Hung, & Shammas, 2007). MF is an interesting method in pre-treatment for another 
membrane process to eliminate colloids and the suspended matter, but it cannot be used alone. 
Whereas UF is effective to eliminate the macromolecules and the particles, but it is strongly 
dependant on the type of material constituting the membrane (S.Renou, Givaudan, Poulain, 
Dirassouyan, & Moulin, 2007).  
Neutralisation 
This process is aimed for pH control. It is a frequently occurring neutralization process in 
industrial wastewater treatment system (Alley, 2007). 
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Coagulation and flocculation 
The purpose of coagulation is to alter the colloids so that they can adhere to each other. A 
coagulant is the substance that is added to the water to accomplish coagulation. The two most 
commonly used coagulants are aluminium (Al3+) and ferric iron (Fe3+). (Davis & Cornwell, 2008). 
Coagulation process is often followed by flocculation. If coagulation destroy or reduce the 
repulsive forces and induce particle agglomeration, flocculation is the physical process of 
promoting particle contact to facilitate the agglomeration to a larger settleable floc. These two 
process are normally accomplished using two different tanks in series, the first tank, with the 
coagulant is a rapid mix tank, whereas the second one is a low mix tank to promote particle 
collision and aggregation (Alley, 2007). 
Absorption  
Adsorption is a surface phenomenon by which molecules of pollutants (adsorbates) are 
attracted to the surface of adsorbent by intermolecular forces of attraction. It takes place when 
atoms of surface functional groups of adsorbent (usually activated carbon) donate electrons to 
the adsorbate molecules (usually organic pollutants). There is physical and chemical adsorption: 
The physical adsorption is mainly caused by van der Waals’ and electrostatic bonds between the 
adsorbate molecules and the atoms of the functional groups, occurs at room temperature and 
is not site-specific. The adsorption can occur over the entire surface at multilayers and it is a 
completely reversible process, thus desorption of the adsorbed solute can occur. On the other 
hand the chemical adsorption is irreversible, and needed of a higher heat. The process is site-
specific and it occurs only at certain sites of the adsorbent at only one layer. Besides it is possible 
that both physical and chemical adsorption takes place when it comes into contact with an 
adsorbent, the most common one is the physical adsorption (Wang, Hung, & Shammas, 2007).  
Air stripping 
Air stripping is the most common method for eliminating high concentrations of NH4+-N involved 
in WW treatment technologies. High levels of ammonium nitrogen are found in different WW, 
and stripping can be successful for eliminating this pollutant which can increase WW toxicity. If 
this method is to be efficient, high pH values must be used and the contaminated gas phase 
muse be treated with either H2SO4 or HCl (S.Renou, Givaudan, Poulain, Dirassouyan, & Moulin, 
2007). 
Chemical oxidation/reduction 
Chemical oxidation is a widely studied method for the treatment of effluents containing 
refractory compounds such as WW. Growing interest has been recently focussed on advanced 
oxidation processes, which will be commented in further sections. Redox reactions are 
fundamental parts of WW treatment. All forms of chemical WW treatment as well as biological 
WW treatment incorporate redox reactions (Arnaldos, et al., 2014). 
 
3.2.3.2. Biological Treatment 
Biological treatment belongs to the secondary treatment in a WW treatment plant and it is used 
for the destruction and conversion of organic pollutants. Inorganic chemicals cannot be 
destroyed but they can be converted in valence or oxidative state to compounds which meet 
permit levels.   
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Biological processes are composed of two phases. During the first one, in a batch or flow 
biological reactor the bacteria grows and decompose the organic matter in a process called 
synthesis, where at the same time CO2 and H2O are generated in a process called oxidation. That 
goes as the Equation 2 and 3 shows (Arnaldos, et al., 2014). 
Synthesis equation: 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐𝑠 + 𝑂2 +𝑁 + 𝑃 + 𝐶𝑒𝑙𝑙𝑠 → 𝑁𝑒𝑤 𝐶𝑒𝑙𝑙𝑠 + 𝐶𝑂2 +𝐻2𝑂 + 𝑁𝐵𝐷𝑅
(1) 
Oxidation Equation: 
𝐶𝑒𝑙𝑙𝑠 + 𝑂2 → 𝐶𝑂2 +𝐻2𝑂 + 𝑁 + 𝑃 + 𝑁𝐵𝐷𝑅
(1) 
(1): Non-biodegradable residue 
 
After these processes in biological reactor treated WW is flowing into secondary decanting. 
There the treated water is separated from activated sludge, where a part of it is returned to the 
biological reactor in order to maintain the activated sludge concentration constant, and another 
one is discharged (Arnaldos, et al., 2014). 
A scheme of the process is shown below in Figure 4.  
 
 
 
 
 
 
  
 
 
 
 
 
Figure 4. Scheme of a Water Treatment Plant. 
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3.3. Advanced Oxidation Processes 
In the last decades, many researches have addressed the destruction of persistant chemicals, 
pointing out the prominent role of a special class of oxidation techniques defined as Advanced 
Oxidation Processes (AOPs) (Andreozzi, Caprio, Insola, & Marotta, 1999). 
AOPs are an attractive alternative to conventional chemical oxidation processes due to the fact 
that they have significant advantages over conventional treatment methods since they don´t 
result in chemical or biological sludge and almost complete demineralization of organic 
pollutants is possible. Nevertheless, the main disadvantage of AOPs are the high cost of chemical 
agents and (electrical) energy requirements.  
 
The process involves two stages of oxidation:  First, the formation of strong oxidants like ·OH 
radicals with combinations of chemical agents (O3, H2O2, transition metals, and metal oxides) 
and may also with auxiliary energy sources (UV-VIS radiation, electronic current, ultrasound…) 
(Hung, Wang, & Shammas, 2012). Secondly, the reaction of these oxidants with organic 
contaminants in water. However, the term AOPs refers specifically to processes in which 
oxidation of organic contaminants occurs primarily through reaction with ·OH radicals. This 
highly powerful and non-selective oxidant is essential for the achievement of a successful 
oxidation/degradation efficiency. The ultimate aim of oxidation of pollutants in water and WW 
is to mineralize, which is to convert the constituents of an organic pollutant into simple, 
relatively harmless and inorganic molecules (Naddeo, Rizzo, & Belgiorno, 2011). 
Although a number of techniques are available under AOPs, the main groups of AOPs are as 
follows (Rao, Senthilkumar, Byrne, & Feroz, 2013): 
1. Fenton and photo-Fenton (Fe2+/H2O2/UV) 
2. Ozonation (O3/H2O2) 
3. Photocatalysis (TiO2/hv/O2), and 
4. Sonolysis-based processes.  
The ·OH radicals are prefect oxidant agents as their reactivity (2.06 eV) is next to that of fluorine 
(2.23 eV), followed by that of atomic oxygen (1.78 eV), H2O2 (1.31 eV), and then permanganate 
(1.24 eV). It is the high redox potential of ·OH radical that makes it a powerful oxidant (Rao, 
Senthilkumar, Byrne, & Feroz, 2013). 
This high reactivity of ·OH radicals can be seen in the Table 5 compared with ozone, where it is 
seen that it is extremely higher.  
Table 5. Second order rate constants for ozone and hydroxyl radical for a variety of compounds (Andreozzi, Caprio, 
Insola, & Marotta, 1999). 
Organic compound 
Rate Constant (M-1  s-1) 
O3 ·OH 
Benzene 2 7.8 x 109 
Toluene 14 7.8 x 109 
Chlorobenzene 0.75 4 x 109 
Trichloroethylene 17 4 x 109 
Tetrachloroethylene <0.1 1.7 x 109 
n-Butanol 0.6 4.6 x 109 
t-Butanol 0.03 0.4 x 109 
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Some of the interesting characteristics of ·OH radicals are listed below (Rao, Senthilkumar, 
Byrne, & Feroz, 2013): 
1. It is short-lived. 
2. It can be easily produced. 
3. It is a powerful oxidant. 
4. It is electrophilic in behaviour. 
5. It is ubiquitous in nature. 
6. It is highly reactive. 
7. It is nonselective. 
·OH produced in any way may attack organic pollutants by abstracting a hydrogen atom from 
the molecule. A common pathway for the degradation of organic compounds by ·OH is given 
from the Equation 4.1 to Equation 4.4 below:  
· 𝑂𝐻 +  𝑅𝐻 → 𝐻2𝑂 + 𝑅 · 
𝑅 ·  + 𝐻2𝑂2 → 𝑅𝑂𝐻 +· 𝑂𝐻 
𝑅 ·  + 𝑂2 → 𝑅𝑂𝑂 · 
𝑅𝑂𝑂 ·  + 𝑅𝐻 → 𝑅𝑂𝑂𝐻 + 𝑅 · 
 
AOPs have been postulated as pre-treatment step prior to biological treatment apart from 
disinfection and deactivation of pathogenic microorganism, and they represent a robust 
alternative wastewater treatment when common wastewater treatment technologies such as 
sedimentation, adsorption, flocculation, filtration, reverse osmosis are insufficiently effective 
(Soon & Hameed, 2010). The methods based on chemical destruction, when properly 
developed, give complete solution to the problem of pollutant abatement differently from those 
in which only a phase separation is realised with the consequent problem of the final disposal 
(Andreozzi, Caprio, Insola, & Marotta, 1999).  
 
3.3.1. Fenton process 
The Fenton reaction was discovered by H.J.H. Fenton in 1894. It is related with encompass 
reactions of peroxides, usually with H2O2, with iron ions to form active oxygen species that 
oxidize organic or inorganic compounds.  In the last few decades, the importance of ·OH 
reactions has been recognized and over 1700 rate constants for ·OH reactions with organic and 
inorganic compounds in aqueous solution have been tabulated. In the recent past, Fenton 
reaction was efficiently utilized in wastewater treatment processes for the removal of many 
hazardous organics from it (Babuponnusami & Muthukumar, 2013). 
 
The conventional Fenton process involves the use of one or more oxidising agents and a catalyst 
(a metal salt or oxide, usually iron) at acidic pHs, while the photo-Fenton (or photo-assisted 
Fenton) process also involves irradiation with sunlight or an artificial light source. The 
conventional Fenton process has the advantages that H2O2, used as oxidant, is cheaper than 
other oxidants, and that the use of iron as a catalyst which is highly abundant and low-toxic 
decreases the price of chemicals needed (Hung, Wang, & Shammas, 2012). 
Eq. 4.4 
Eq. 4.1 
Eq. 4.2 
Eq. 4.3 
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The process can be conducted both homogeneously and heterogeneously under various 
combinations as shown in Figure 5. 
 
 
Figure 5. Overall Fenton’s system classification (Soon & Hameed, 2010). 
 
Classic Fenton is a homogeneous catalytic process, involving the general set of chain reactions 
according to the classic interpretation of Haber-Weiss mechanisms, which can be divided into 
three periods (Virkutye, Varma, & Jegatheesan, 2010): 
Initiation: 
𝐻2𝑂2 → 𝐻2𝑂 + 1/2𝑂2 
𝐹𝑒2+ +𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− +· 𝑂𝐻 
𝐹𝑒3+ +𝐻2𝑂2 → 𝐹𝑒(𝑂𝑂𝐻)2 +𝐻
+↔  𝐹𝑒2+ + 𝑂𝐻− 
 
Propagation: 
· 𝑂𝐻 + 𝐻2𝑂2 → 𝐻𝑂2 · +𝐻2𝑂 
𝐻𝑂2 · +𝐻2𝑂 → · 𝑂𝐻 + 𝐻2𝑂 + 𝑂2 
𝐻𝑂2 · +𝐻𝑂2 ·→ · 𝑂𝐻 + 𝑂𝐻
− + 𝑂2 
Termination: 
𝐹𝑒2+ + · 𝑂𝐻 → 𝐹𝑒3+ +𝑂𝐻− 
𝐻𝑂2 · +𝐹𝑒
3+ → 𝐹𝑒2+ +𝐻+ +𝑂2 
𝐻𝑂2 · +  · 𝑂𝐻 → 𝐻2𝑂 + 𝑂2 
· 𝑂𝐻 + · 𝑂𝐻 → 𝐻2𝑂2 +𝑂2 
Eq. 5 
Eq. 6 
Eq. 7 
Eq. 8 
Eq. 9 
Eq. 10 
Eq. 11 
Eq. 12 
Eq. 13 
Eq. 14 
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Fenton oxidation has been tested with a variety of synthetic WW containing a diversity of target 
compounds such as phenols, chlorophenols or amines between others. However, there are 
many chemicals which are refractory to Fenton oxidation, such as acetic acid, acetone or maleic 
acid between others. It has been demonstrated that these compounds are resistant under the 
usual mild operating conditions of Fenton oxidation (Bautista, Mohedano, Casas, Zazo, & 
Rodriguez, 2008). 
Nevertheless, homogeneous Fenton processes have been proven successfully when applied in 
large scale as shown in Figure 6. First reactor is a stirred batch, where the pH is controlled 
commonly within the 3-4 range. Fe2+ is usually added as ferrous sulphate and H2O2 is often fed 
as 35% aqueous solution. The process works at ambient temperature and pressure. Then the 
addition of reactants are added in the following sequence: first the wastewater arrives to the 
reactor, followed by dilute sulphuric acid to keep the acidic conditions, then the catalyst (Fe2+ 
salt) in acidic solution and finally the hydrogen peroxide. The discharge from the Fenton reactor 
passes to a neutralization tank and later on into the flocculant tank where the Fe(OH)3 and other 
accompanying solids are separated by settling (Bautista, Mohedano, Casas, Zazo, & Rodriguez, 
2008).  
 
 
 
Figure 6. Scheme of a water treatment plant with Fenton’s process (Bautista, Mohedano, Casas, Zazo, & Rodriguez, 
2008). 
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3.3.1.1. Process conditions 
The most important process conditions affecting Fenton efficiency are the temperature, the 
pH, the concentration of pollutants and the concentration of H2O2. 
 
Temperature 
Temperature is a factor that several studies show that the higher it is the faster the reaction 
goes, as Fenton’s reaction is first order reaction.  Nevertheless an excessive temperature also 
leads to the degradation of H2O2 into water and molecular oxygen, losing then the oxidizing 
reactant. Thus a balance in the reaction temperature should be found for every case (Panda, 
Sahoo, & Mohapatra, 2010). 
pH 
The conventional Fenton process is strongly dependent on the solution pH mainly due to iron 
and hydrogen peroxide speciation factors. The optimum pH for the Fenton reaction was found 
to be around 3-4, regardless of the target substrate (Babuponnusami & Muthukumar, 2013). 
The activity of Fenton reagent is reduced at higher pH due to the presence of relatively inactive 
iron oxohydroxides and formation of ferric hydroxide precipitate. In this situation, less hydroxyl 
radicals are generated due to the presence of less free iron ions (Babuponnusami & 
Muthukumar, 2013). 
This may be due to the fact that H2O2 decomposes in basic medium to molecular oxygen and 
H2O and hence, loses its oxidizing ability (Panda, Sahoo, & Mohapatra, 2010). 
At very low pH values, iron complex species [Fe (H2O)6]2+ exist, which reacts more slowly with 
hydrogen peroxide than other species. In addition, the peroxide gets solvated in the presence 
of high concentration of H+ ions to form stable oxonium ion [H3O]+. Which makes hydrogen 
peroxide more stable and reduce its reactivity with ferrous ions. 
Therefore, as it shows the Figure 7 the efficiency of the Fenton process to degrade organic 
compounds is reduced both at high and low pH (Babuponnusami & Muthukumar, 2013). 
Concentration and ratio of Fenton’s reagents (amount of H2O2) 
Oxygen peroxide plays a crucial role in the process. It has been observed that the degradation 
of pollutants increases when increasing the H2O2 concentration. However, an excess of peroxide 
contributes to the Chemical Oxygen Demand (COD) and is a harmful component for 
microorganisms. H2O2 can significantly affect the overall degradation efficiency; hence its excess 
can lead to negative parallel reactions. Thus the dosage of H2O2 should be adjusted in such way 
that the entire amount is utilized (Babuponnusami & Muthukumar, 2013). 
Panda et all (2010) also reported a maximum decolourization level at a certain concentration of 
H2O2, that was reduced in any value below or over it. This trend can be seen in Figure 7, where 
the degree of decolourization increased until 20 mmol of H2O2, arriving there into a pic value, 
after which it started to decrease with the addition of more H2O2. 
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Figure 7. Effect of pH and H2O2 on degree of decolourization (Panda, Sahoo, & Mohapatra, 2010). 
Muñoz et all (2014) also found that the distribution of the H2O2 in sequential addition avoids 
high concentrations of ·OH and ·OOH radicals at the earlier oxidation stages, allowing a better 
availability of these species throughout the whole oxidation process, an obtaining a remarkable 
higher reduction rate (Muñoz, Pliego, Pedro, Casas, & Rodriguez, 2014). 
 
3.3.1.2. Process variations 
Fenton’s reaction can be set up in different ways, depending on how the catalyst is reactivated 
or in its state. The two main variations are the conventional process (homogeneous, where the 
iron is added as a salt) and the heterogeneous (where the iron is added as solid iron).  
 
3.3.1.2.1. Homogeneous reaction 
The homogeneous Fenton process has attracted wide interest because of its relatively low cost 
and high performance in generating ·OH for the decomposition of refractory organic 
compounds. The process, however, has some important limitations and disadvantages. The 
principal one occurs during the reaction with the formation of sludge, which is rich in iron due 
to the need of a post-treatment process to recover the iron leaching that the reaction produces 
as the wastewater cannot be discharged with the iron ions if above European Union limits (2 
mg/l).  Furthermore the process is relatively slow and inefficient at neutral pH values because 
only a small fraction of the H2O2 is converted into oxidants that are capable of transforming 
recalcitrant contaminants, hence homogeneous reaction only works in a tighter pH range 3-4 
which is also less eco-friendly (Soon & Hameed, 2010). 
 
Photo-Fenton 
The combination of homogeneous Fenton reaction with UV light (180-400 nm), the so-called 
photo-Fenton reaction, had been shown to enhance the efficiency of the Fenton process.  
The reason for the positive effect of irradiation on the degradation rate includes the 
photoreduction of Fe3+ to Fe2+ ions, which produces new ·OH with H2O2 according to the 
following mechanism in Equation 15 (Hung, Wang, & Shammas, 2012): 
𝐹𝑒3+ +𝐻2𝑂
ℎ𝑣
→ 𝐹𝑒2+ +· 𝑂𝐻 + 𝐻+ Eq. 15 
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The overall degradation rate of organic compounds is considerably increased in the photo-
Fenton process. As with the conventional-Fenton process, the main disadvantage of the photo-
Fenton method is the necessity to work at pH 3-4, because at higher pH ferric ions would begin 
to precipitate as hydroxide. Also the energy cost of the UV radiation lamps increases the cost of 
the water purification up to 50 or 60% (Centi, Perathoner, Torre, & Verduna, 2000). 
Figure 8 shows how the Fe2+ is recovered in solution from Fe3+ thanks to its photo-reduction with 
UV radiation, while at the same time Fe2+ was being lost while being oxidised by H2O2. 
 
 
Figure 8. Proposed photo-degradation mechanism of Orange II including Fe cycling under UV light irradiation (Soon 
& Hameed, 2010). 
The current trend with the homogeneous reaction recently is shifting attention and the interest 
to the visible light radiation to replace UVC radiation with the hope to reduce the energy cost. 
Theoretically, solar radiation is expected to have better performance when it diminish the final 
concentration of iron ions in the bulk after treatment. The formed Fe3+ complexes can be 
destroyed, allowing Fe3+ ions to participate in the Fenton catalytic cycle (Soon & Hameed, 2010). 
 
3.3.1.2.2. Heterogeneous reaction 
The heterogeneous Fenton process was made to overcome the disadvantage of the iron leaching 
that it is produced during the treatment with homogeneous Fenton process. To avoid that 
leaching, heterogeneous iron catalyst were prepared by coating Fe ions or Fe oxide into porous 
solid supporting materials (Yu Zhang, 2007). 
In heterogeneous phase, the physical steps in addition to chemical changes take place on the 
surface of the catalyst at the active sites where mass transfer limited adsorption of reactant 
molecules occurs. At the end of the reaction, the product molecules are desorbed and leave the 
active sites available for a new set of reactant molecules to attach to the surface and react (Soon 
& Hameed, 2010). 
Various iron containing solids are utilized for the heterogeneous Fenton reaction, such as Fe2O3 
and Fe2Si4O10(OH)2, Fe(II) sustained on various supports such as zeolites, Al2O3 and SiO2, with 
also various kinds of mineral and non-mineral carriers such as hematite or steel dust were 
introduced as active supports for the Fenton reagent (Virkutye, Varma, & Jegatheesan, 2010). 
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Centi et all (2000), during experimentation with Propionic Acid (PA) using zeolite, published a 
significantly higher conversion of the PA for the heterogeneous catalyst than for the 
homogeneous one (72 and 43% respectively). But on the other hand, the conversion of H2O2 at 
an equivalent level of PA conversion was twice as high for the heterogeneous catalyst that for 
the homogeneous. In this case zeolite was not only promoting the generation of ·OH radicals, 
but also catalysed the decomposition of the H2O2.  
Pham et all (2009), experimenting with silica and alumina supporters, reported a conversion rate 
from 10 to 40 times higher with the silica-iron oxide catalyst and even higher (50 to 80 times) 
with the silica-alumina-iron oxide in comparison with the iron oxides (Pham, Lee, Doyle, & 
Sedlak, 2009). Despite of the higher efficiencies that these catalytic supporters reported, it was 
needed a previous process for the iron deposition preparation into them that would increase 
the final cost of each catalyst.  
When considering heterogeneous solid phase, their density, pore volume, pore size distribution, 
porosity and surface area become crucial factors that need to be taken into consideration prior 
to access the reaction (Soon & Hameed, 2010). A good heterogeneous iron catalyst should meet 
two requirements: it must have high catalytic activity and low Fe dissolution (Yu Zhang, 2007). 
In conclusion, heterogeneous Fenton’s process is solving the main drawbacks that the 
homogenous has, while at the same time presents some minor disadvantages. In Table 6 there 
are the differences between homogeneous and heterogeneous Fenton’s process throughout 
different phenomena.  
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Table 6. Comparison of homogeneous and heterogeneous catalysed Fenton reactions under different phenomena 
(Soon & Hameed, 2010). 
Phenomena Homogeneous Fenton Heterogeneous Fenton 
Phase - Same phase as the reagents - Involved solid-liquid phase 
 
Mechanism - Chemical reaction is involved solely 
in the degradation process 
- Dual processes of physical 
absorption and desorption in 
addition to chemical reaction take 
place.  
Catalytic activities - Fast - Reaction rate is enhanced by the 
application of ultraviolet irradiation 
source 
- Nanosize solid catalyst, as observed, 
can accelerate the reaction rate 
Active sites - Fe2, Fe3+, Fe-OOH2+, iron complexes 
ion 
- Dispersed on surface in the form of 
iron oxides, iron complexes ion, iron 
ions 
pH - Tight acidic pH range for the 
reaction and need pH adjustment 
before and after 
- Broad pH range 
Sludge treatment - High amount of treated effluent is 
precipitated as ferric hydroxide 
sludge when the reaction solution 
was neutralized in the post-
treatment 
- Minimal ferric hydroxide is formed 
due to leaching of the 
active components into the bulk 
solution 
Catalyst loss - High catalyst loss after reaction 
takes place. Additional recovery 
separation steps are required for the 
catalyst after treatment in order to 
comply with the national 
environmental regulation 
- Iron loss is limited because the 
active phase is anchored on the 
surface of porous solid materials 
Catalyst recovery - Possible but time consuming and 
cost ineffective 
- Ease of recovery and recycling is 
guaranteed 
Deactivation - Irreversible reaction with products 
- Refractory towards certain 
chemical pollutants slow down the 
reaction 
- The leaching of active sites from the 
support occurred at low pH and 
subsequently catalytic activity is lost 
- Degradation is slowed down due to 
catalyst poisoning 
 
During the heterogeneous Fenton process a catalyst deactivation can also occur, which may be 
a cause of a diversity of factors. These include attrition by reduction of the catalyst specific 
surface area, poisoning of the catalytic agents by compounds formed during oxidation, surface 
deposition and strong adsorption on a polymeric carbon layer, and most commonly the leaching 
by the dissolution of some metal oxides from catalyst into the acidic reaction medium under 
Fenton system (Soon & Hameed, 2010).  
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4. Experimental 
The experimental part of the thesis was focused on finding the conditions that allowed the best 
reaction efficiency on the heterogeneous Fenton reaction. Those ones were mainly focused on 
the most important parameters for the heterogeneous reaction, they are the following:  
 Temperature 
 Grade and condition of the catalyst oxidation 
 H2O2: Amounts and addition 
The pH value was measured but not changed as it is not a determinant factor for the 
heterogeneous reaction, as far as it is kept under smoothly acidic conditions (Soon & Hameed, 
2010). 
In order to obtain accurate results from the experimental process, just one of these variables 
was changed and checked every time after the establishment of a procedure and an hypothesis 
was confirmed, to then keep this variable on its best condition and move to the next one.  
 
4.1. Materials and Methods 
4.1.1. Propionic Acid 
For this heterogeneous Fenton oxidation, propionic acid (PA) was used as model compound due 
to the fact that its direct oxidation to carbon dioxide and water was found to be the main 
decomposition route.  At the same time, such short chain low-molecular-mass carboxylic acid is 
known to be very refractory. Its relevance is also connected to the fact that PA is one of the 
intermediates that yields acetic acid during deep oxidation of some aromatic compounds 
(Rajesh V. Shende, 1999). In addition PA is an organic compound which is also easy to degrade 
into acetic and formic acids as primary intermediates. These two carboxylic acids are the 
common products of the oxidation of several organic molecules. Hence propionic acid can give 
direct information on reactivity in the attack on the carbon chain made by the Fenton reaction 
(Centi, Perathoner, Torre, & Verduna, 2000). 
In the Table 7 chemical properties of propionic acid are showed.  
 
Table 7. Chemical properties of Propionic Acid. 
CAS Number 79-09-4 
IUPAC Name Propionic Acid 
Molecular formula C3H6O2 
Structural formula 
 
Molecular weight 74.08 g/mole 
Density 0.98797 g/cm3 
Boiling point 141.15 ºC 
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The concentration of propionic acid was the only parameter always fixed in all the experiments. 
As we were testing the reduction rate of it and not the total amount remaining, as far as we kept 
in using a considerable initial value, the results would be valid. For all experiments the 
concentration added was 20 μl PA/100 ml of solution (0.2 mg/l), which means that each batch 
reactor with 50 ml of solution contained 10 μl of PA.  
 
4.1.2. Catalyst 
One of the main goals of the thesis was to find the most efficient catalyst for the reaction. For 
the experiments nine different kinds of catalyst were prepared and tested. The catalysts were 
stainless steel spheres of 6.4 mm in diameter, subjected to three different methods of oxidation: 
air oxidation, acid oxidation and iron deposition during air oxidation. 
Acid oxidation Spheres 
These spheres were oxidised with HCl (1 M) at different concentrations and time:  
 Spheres I: 1 ml HCl, 1 ml H2O2, 100 ml H2O for 100 min.  
 Spheres II: 5 ml HCl, 5 ml H2O2, 100 ml H2O for 60 min. 
 Spheres II Bis: prepared by the same way as Spheres II. This spheres were used 
several times to evaluate the loosing in catalytic activity of spheres.  
 
 Spheres III: 2 ml HCl, 2 ml H2O2, 100 ml H2O for 90 min. 
 
Air oxidation Spheres: 
These spheres were oxidised in a furnace at different temperatures and contact times with air: 
 Spheres A1: Air oxidation for 4 h at 600 ºC. 
 Spheres A2: Air oxidation for 4 h at 800 ºC. 
 Spheres A3: Air oxidation for 6 h at 600 ºC. 
 Spheres A4: Air oxidation for 1 h at 1000 ºC. 
 
Iron deposition Spheres 
This spheres were oxidised under iron deposition: 
 Spheres D1: Air Oxidation under iron deposition for 3 h at 550 ºC. 
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Details of catalysts preparation are summarised in Table 8 
Table 8. Catalysts preparation. 
Catalyst Method of 
oxidation 
Temperature (ºC) Concentration 
of reagents (M) 
Time 
(hours) 
Sp. I Acid oxidation Ambient 0.01 HCl 1.7 
Sp. II Acid oxidation Ambient 0.05 HCl 1.5 
Sp. III Acid oxidation Ambient 0.02 HCl 1.0 
Sp. A1 Air oxidation 600  / 4.0 
Sp. A2 Air oxidation 800  / 4.0 
Sp. A3 Air oxidation 600  / 6.0 
Sp. A4 Air oxidation 1000  / 1.0 
Sp. D1 Iron 
deposition 
550  / 3.0 
/: No reagent added 
In Picture 2a and Picure 2b an example of the the acid oxidation process and the raw spheres 
before this process can be respectively seen. 
 
  
Picture 2b. Raw stainless steel catalysts. Picture 2a.  Oxidation of catalyst by HCl. 
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4.1.3. Effect of H2O2 
One of the most important parameters on Fenton reaction is the effect of H2O2. However, it was 
also necessary to check how the amount of hydrogen peroxide used in the solution affected the 
Fenton reaction. Apart from that it was also evaluated how this reactant was added during the 
reaction; all in a sudden at the beginning or in small doses during the reaction time, to avoid an 
excess of it and a surplus H2O2 molecules that would act as scavenger of ·OH radical generating 
perhydroxy radical, which has lower oxidation potential than the former, as it shows equation 
16: 
𝐻2𝑂2 +· 𝑂𝐻 →  𝐻𝑂𝑂 · +𝐻2𝑂 
 
4.1.4. Temperature 
Reaction kinetics are dependent on temperature as Arrhenius equation shows (Eq. 17) which 
means that the higher it is, the faster the reaction proceed. Nevertheless as it was confirmed by 
several research a high temperature also affects to the auto-decomposition of the hydrogen 
peroxide, so there should be find out the optimal one (Panda, Sahoo, & Mohapatra, 2010).  
𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  
Where: 
k: Kinetic constant (min-1) 
A: Arrhenius constant (min-1)  
Ea: Activation energy (kJ·mol-1) 
R: Ideal gas constant (kJ·mol-1K-1) 
T: Temperature (K) 
 
In this case, experiments were done in three different temperatures: 25, 40, and 60 ºC. More 
than 60 ºC would not be applicable in a water treatment plant for the high energy costs, so no 
further temperatures were tested. 60 ºC was a good upper temperature as Centi et all (2000) 
reported that at 70 ºC and after 2h of reaction there was still a significant amount of hydrogen 
peroxide in the experiments, thus decomposition of H2O2 does not increase significantly within 
this range of temperatures. Unlikely during the realisation of these experiments we could not 
check the residual amount of H2O2 at the end of the tests.  
 
4.1.5. Analytical methods 
Since our study was focused on catalytic activity for a complete degradation, the decrease of 
propionic acid concentration was followed as a function of time by analysis of total organic 
carbon (TOC) (TOC 5000A, Shimadzu). 
4.1.5.1. TOC Determination 
The total carbon (TC) amount present in water comes from the different variety of organic 
compounds in various oxidation states that the water and wastewater contains. The TC is 
composed from inorganic carbon (IC), total organic carbon (TOC) and dissolved organic carbon 
(DOC). This last one is the fraction of TOC that passes through a 0.45 μm pore-diameter filter. 
The combustion-infrared method has been used for a wide variety of samples and it goes as 
follows. First, the sample is homogenized and diluted as much as it’s necessary, after its filtration 
Eq. 17 
Eq. 16 
37 
 
a microportion of it is injected into a heated reaction chamber packed with an oxidative catalyst 
at 680 ºC. Then, the water is vaporized and the organic carbon is oxidised to CO2 and H2O. The 
CO2 coming from the oxidation of organic and inorganic carbon is transported in the carrier-gas 
stream and measured by means of a non-dispersive infrared analyser. As all the total carbon is 
measured, the IC must be measured separately and DOC obtained by the difference (ISO, 1999). 
 
 
4.1.5.2. Iron determination 
Iron was determined with a spectrophotometer instrument, measuring absorbance. The 
spectrophotometer measures the reflection or transmission properties of a material as a 
function of wavelength. It deals with visible light, near-ultraviolet, and near-infrared.  
The first thing to be done was the calibration curve, from 0 to 8 mg/l of Fe2+ (standard solution 
1000 mg/l) in 7 flask of 25 ml were prepared. 
The procedure was as follows. After adding the amount of iron already calculated, 2ml of 
hydroxylamine (10%), 1 ml of acetate buffer and then 1 ml of 1,10 phenantroline (0,5%) were 
added and filled until the top of the glass with water. The blank flask did not contain any initial 
iron addition. (Greenberg, Clesceri, & Eaton, 1992) 
Afterwards it is needed to wait for around 5 to 10 minutes to let the reaction take place. After 
that the spectrophotometer was set to a wavelength of 508 nm.  
After measuring every flask by order of concentration (from the lower to the higher) and 
representing the results, the following calibration curve was obtained (Figure 9). 
 
Figure 9. Calibration curve for iron absorbance. 
 
With the equation obtained from it, and knowing the absorbance (Y) measured by the 
spectrophotometer, it can be calculated the iron concentration (X) by insolating the X. 
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Once the calibration curve was done, at the end of each experiment a sample of 5 ml of the 
solution remaining was taken from the batch reactors and diluted 5 times in a 25 ml measured 
flask. Then, as with the calibration curve flasks, 2 ml of hydroxylamine (10%), 1 ml of acetate 
buffer and 1 ml of 1,10 phenantroline (0,5%) were added and filled with water until the flask 
mark. During this process, all iron forms were reduced to Fe2+ and determined. So final results 
actually represents concentration of total iron.  
After testing the sample with the spectrophotometer, and obtaining the concentration, the 
result was multiplied with 5 as a consequence of the dilution to calculate actual concentration 
of total iron.  
 
4.2. Experimental set-up 
The experimentation of Fenton’s reaction test were carried out in both continuous and glass 
batch reactors under the same conditions.  
The continuous reactor was composed of two pumps of 75 ml each. The flow was mixed into a 
tube reactor that contained the catalyst, 49 oxidised iron spheres with a total inflow of 0.6 
ml/min (0.3 ml each pump) and heated in a bain-marie that covered all the reactor with 
continuous stirring. The temperature of the bain-marie was checked with a thermometer as the 
Picture 3 shows with a variability of plus/minus 5 ºC. 
The retention time of the solution inside the reactor can be calculated as follows (Eq. 18 ): 
 
𝑉 𝑡𝑢𝑏𝑒
𝐹𝑙𝑜𝑤
=
15.5 𝑚𝑙
0.6 𝑚𝑙/𝑚𝑖𝑛
= 26 𝑚𝑖𝑛 
  
Picture 3. Continuous reactor during the reaction process. 
Eq. 18 
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On the other hand the batch reactor contained the same concentration of PA (TC = 100 mg/l) as 
the continuous one, with a total solution of 50 ml in contact with air atmosphere and the 49 
oxidised iron spheres. There was no automatic stirring due to the magnetism of the spheres but 
the solution was often manually mixed. The temperature was also checked by a thermometer 
with a variability of plus/minus 5 ºC. 
 
On the Picture 4 it can be seen the differences within the different catalyst activity. The 
appearance of bubbles is showing the activity of the reaction, as the O2 is a by-product of Fenton 
process. On Picture 4 (a) there are the Sp. I at the beginning of the reaction at room temperature, 
where the reaction activity is low; on Picture 4 (b) and (c) with the Sp. A2 and II respectively the 
activity is more intense with the solution already at 60 ºC.  
 
Table 9 shows the total amounts of reactants in the two different reactors.  
Table 9. Compositions of mixtures in batch and continuous reactors. 
 Continuous Batch 
Propionic Acid 30 μl (20 μl/100 ml) 10 μl (20 μl/100 ml) 
Hydrogen Peroxide 15 ml 5 ml 
Water 135 ml 45 ml 
Total 150 ml 50 ml 
  
 
Operational method of the water refilling during experiment two 
For the experiment two there was a need to implement appropriate operational method. It 
consisted of the refill of the evaporated water into the reactor. After the first sample (at Time = 
0 min) was taken, a mark was made on the reactor marking the level of liquid inside. By the time 
the next sampling was done, the reactor was filled with demineralised water up the mark, and 
then the next sample was taken (2 ml of solution were required). Just after this sampling another 
mark (2 ml below the previous) was made again, to fill it up this new one before the next 
sampling. The process was repeated till the end of experiment.  
  
Picture 4. Batch reactor during the Fenton process. Pictures (a) (b) and (c) respectively. 
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4.3. Catalyst observation by microscope 
During the experiments there was an interest to check how the different catalytic iron spheres 
were degraded, their external structure, and to check the presence of pores and other anomalies 
that increase the specific area of the sphere, making the catalyst more efficient.  
Spheres were observed under a microscope in several magnifications, the most significant ones, 
which where some conclusions can be made are 100 kX and 25 kX. 
For the ones at 100 kX we can observe how the surface of the catalyst is made, and its smallest 
irregularities. From Picture 5 to Picture 11 the spheres A1, A2, A3, II Bis, I, II and III at 100 kX can 
be seen.  
 
Picture 5. Sp. A1 at 100 kX. 
41 
 
 
 
Picture 6. Sp. A2 at 100 kX. 
 
 
Picture 7. Sp. A3 at 100 kX. 
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Picture 8. Sp. IIBis at 100 kX. 
 
 
Picture 9. Sp. I at 100 kX. 
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Picture 10. Sp. II at 100 kX. 
 
 
Picture 11. Sp. III at 100 kX. 
 
The first thing to point out from the pictures above is the difference between the spheres 
oxidised by air (Sp. A1, A2, A3) in Pictures 5, 6 and 7 or by acid (Sp. I, II, IIBis, III) in Pictures 8, 9, 
10 and 11. The ones oxidised by air (Pictures 5, 6 and 7) have bigger shapes and more smoothed 
than the ones oxidised by acid (Pictures 8, 9, 10 and 11), with more edges and where the crystals 
shapes are easily seen. Sp. II and III (Picture 10 and 11) have also deeper sides, probably made 
by the bigger concentration of acid at which they were treated in comparison with the spheres 
I (Picture 9), which were the ones at lower acid concentration. Something similar is happening 
between the spheres oxidised by air, the Sp. A2 and A3 (Pictures 6 and 7) are presenting a more 
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damaged structure if we compare them with the Sp. A1 (Picture 5). In addition it is also necessary 
to remark that the size of crystals on the acid oxidised spheres (Pictures 8, 9, 10 and 11) is 
between 100 to 200 nm whereas on the air oxidised ones (Pictures 5, 6 and 7) have bigger 
crystals, with a size over 400 nm. 
 
Taking a look from a further distance, at 25 kX, more things can be seen. In Pictures 12 and 13 it 
can be seen how the structure changes depending on the concentration of acid at which they 
were exposed. As seen from Picture 12, Sp. I have a flatter surface than the Sp. II in Picture 13. 
Also in the Picture 13 there is a clear and big iron oxide crystal at the top right side of the image, 
characteristic by his hexagon shape.  
 
 
Picture 12. Sp. I at 25 kX. 
 
Picture 13. Sp. II at 100 kX. 
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5. Results and discussion 
The experimental work passed throughout three different phases, due to the iterative nature of 
the reaction optimisation process.  
 
5.1. Experiment one 
This first phase of experimentation three reaction temperatures were tested; 25, 40 and 60 ºC, 
in both reactors, continuous and batch. 
Although the results of the first phase showed an unexpected low TOC removal, even the 
different temperatures did not present remarkable differences as it was expected. Particularly 
the ones from the continuous reactor, even though the flow was reduced to half in one of the 
experiments, no activity was seen on it after the first tests at 25 ºC and 40 ºC. Because there 
was no reaction at lower temperature, we decided to test also at 60 ºC.  
In the Table 10 there is the TOC removal of PA for the continuous reactor at steady state during 
120 min. Presented the values, even at 60 ºC are still very low, from 0 to 4.7% of TOC removal. 
This TOC removal is lower than 5%, which can be attributed to analytical and human error. 
Table 10. TOC removal in continuous reactor after 120 min at 60 ºC. 
Spheres TOC removal (%) 
I 3.9 
II 2.0 
IIBis 4.7 
III 4.2 
A1 0.3 
A2  0.0 
A3     0.0 * 
* Reduction of flow to 3 ml/min 
What could be happening in the continuous reactor was that the inflow was mixed with the 
solution that had been already reacting with the spheres and leaving the reactor without 
adequate retention time. The tube was also filled with the solution in just 26 min, and even that 
in one of the tests the flow was reduced to half, 52 minutes of reaction time, no activity was 
seen either.  
On the other hand the batch reactor is showing much logical results in comparison with Centi et 
all (2000), but still the expected values were not met. Again there was no activity at 25 ºC so no 
further tests were made. Table 11 shows the results with TOC removal from 0.0% to 11.4% at 
60 ºC, and from 0.0% to 11.2% at 40 ºC. This is not a remarkable difference to be considered as 
correct and significant either.  
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Table 11. TOC removal in Batch reactor after 120 min. 
 TOC removal (%) 
Spheres/Temperature 40 ºC 60 ºC 
I 4.1 6.6 
II 11.2 3.1 
IIBis 2.3 4.8 
III 0.0 9.5 
A1 3.4 6.6 
A2 8.8 11.4 
A3 1.0 0.0 
 
After the observation of these results some things could be pointed out. First of all the 
continuous reactor is not worth to keep testing with as there is no activity. The batch reactor 
presented visual activity but without an appreciable TOC removal, and the pH remained 
constant during all the process, with a value around 4.5. 
With these conclusions, and in order to improve the results some hypothesis were made to 
understand the weird behaviour of the Fenton reaction observed.  
One of the first possibilities was the option that the H2O2 was reacting immediately at the 
beginning, when it was added in the reaction so there was nothing for the reaction to go 
afterwards. Also the problem could be the catalyst, so different ones would be prepared and 
observed by the microscope afterwards, to check what the optimal conditions of oxidation were. 
The last possibility that could affect the process was the loss of water due to evaporation, 
causing then an increase of the PA concentration.  
From these three possibilities the last two ones were investigated in the Experiment 2 and 
Experiment 3. 
 
5.2. Experiment two 
In this experiment all the further tests were focused only on the batch reactor. During the 
reaction time up to 200 min, to correct the water evaporation the reactor was refilled with 
demineralised water until the last measured mark, causing that all the water evaporated from 
the reactor would be replaced, keeping the original concentration of PA. In addition, two more 
catalyst were made for this new experiment.  
All the experiments were carried out at 60 ºC, as Centi et all (2000) reported to be the best 
operational temperature. 
The results after applying this new operational method were much better. They can be seen in 
the Table 12, Figure 10 and Figure 11. Table 12 represents the TOC removal for each catalyst 
after two tests, Exp. 2a and Exp. 2b, at 60 ºC, and the average as the value to compare. What 
can be seen is that TOC removal after 200 minutes of reaction are going from 23.9% for the Sp. 
A1 to 51.9% for the Sp. A2. Looking at the average Sp. A1 are still the ones with less activity, 
26.5% and Sp. A2 with the best one, with a 46.7% of TOC removal.  
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Table 12. TOC removal in Batch reactor after 200min with water refilling. 
 TOC removal (%) 
 60ºC Sp. I Sp. II Sp. III Sp. A1 Sp. A2 Sp. A3 Sp. A4 Sp. D1 
Exp. 2a 40.29 42.32 39.44 23.89 41.56 27.14 25.34 35.21 
Exp. 2b 39.53 34.47 33.02 29.13 51.90 30.31 38.34 Not tested 
Average 39.91 38.40 36.23 26.51 46.73 28.73 31.84 35.21 
Most efficient TOC removal       
 
The following TOC removal order was obtained, with the three best catalyst highlighted in the 
Table 12: Sp. A2 > Sp. I > Sp. II > Sp. III > Sp. D1 > Sp. A4 > Sp. A3 > Sp. A1. This order of catalyst 
can be seen also in Figure 10, where for each catalyst the average TOC removal is plotted. 
Besides, on Figure 11 the TOC removal with time for each catalyst is presented. It is appreciable 
how the TOC reduction is linear in time, which could mean that the reaction kinetics is following 
a first order reaction during all the process and without loss in activity (due for example for the 
lack of H2O2). 
From the obtained results, it can be seen that the catalytic activities of oxidised iron spheres are 
then influenced by three factors. The way of oxidation, the exposure time, and concentration of 
the oxidation agent. 
Therefore, it can be seen that the catalysts oxidised by air are more dependable upon the 
temperature at which they were exposed rather than the time. As Sp. A2 exposed to 800 ºC 
during 4 h are the ones that are working better, with a big difference in comparison with Sp. A1 
and Sp. A3 both exposed to 600 ºC but for 4 and 6 h respectively.  The surface of the Sp. A4, 
exposed to 1000 ºC for 1 h seemed to be too much damaged to work in a good way Figure 10, 
but they were still working better than Sp. A1 and Sp. A3.  
On the other hand, focusing now on the spheres oxidised by HCl we realised that the most 
important parameter seems to be the time of oxidation, as the best one are Sp. I with just 1ml 
of HCl but for 100 minutes, in comparison with Spheres II and III, exposed to 5 and 2 ml of HCl 
for 60 and 90 minutes, respectively. It should be recommended in further experiments to 
prepare catalysts exposed to 5 ml of HCl but at least for 100 minutes, or longer. 
Spheres with iron deposition (D1) did not show any better results in comparison to other spheres 
(Figure 10).  
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Figure 10. Average of TOC removal obtained on different catalyst after 200 min of reaction at constant pH of 4.5. 
 
 
 
Figure 11. Effect of catalyst type on TOC removal as a function of time after 200 min at pH 4.5. 
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The next Figures (Figure 12, Figure 13, and Figure 14) are showing the removal process 
throughout the three best catalyst applied (Sp. I, Sp. II and Sp. A2). It can be noticed that except 
for the first minutes, the reaction soon arrived to a stationary point and the TOC removal is 
constant.  
 
 
Figure 12. PA removal expressed as TOC with Spheres I versus time at T = 60 ºC. 
 
 
Figure 13. PA removal expressed as TOC with Spheres II versus time at T = 60 ºC. 
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Figure 14. PA removal expressed as TOC with Spheres A2 versus time at T = 60 ºC. 
After the end of Experiment two, it can be observed that results now are much more precise 
and constant than during the Experiment one, and also now the reduction rate is higher than 
before.  
 
5.3. Experiment three 
During the next phase of the experimental work, the H2O2 addition was investigated in the 
Experiment three.  
The effect of H2O2 addition on TOC removal of propionic acid in heterogeneous Fenton process 
was investigated at four different H2O2 concentrations and two different ways to apply each 
concentration: several doses during the reaction time or in one dose at the beginning of the 
experiment, under the same reactor conditions. Experiments were performed by the three most 
efficient catalysts.  
 
The addition were as follows: 
1. 0.5 ml at the beginning and 5 times 0.1 ml during the process ([H2O2] = 0.29 M). 
2. 5 ml at the beginning and five times 1 ml during the process ([H2O2] = 2.9 M). 
3. 10 ml at the beginning and 5 times 2 ml during the process ([H2O2] = 5.9 M). 
4. 15 ml at the beginning with no additional H2O2 during the process ([H2O2] = 8.8 M). 
 
For the analysis of these results the differences in TOC removal between the several amounts 
and the way to apply them were compared. The Table 13 shows the TOC removal values for the 
different tests, and the average for each catalyst. The average TOC removal for each type of 
H2O2 addition is also calculated. 
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Table 13. TOC removal of PA with variations in amount and application of the H2O2 at 60 ºC. 
60ºC TOC removal (%)  
Addition of 
H2O2 
Sp. I Sp. II Sp. A2 Average 
0.5 ml No Reaction - 
5x0.1 ml No Reaction - 
5 ml 39.9 38.4 46.7 41.7 
5x1 ml 31.8 30.2 43.3 35.1 
10 ml 38.7 38.0 50.2 42.3 
5x2 ml 40.5 36.6 55.5 44.2 
15 ml 47.7 36.6 44.9 43.1 
Average 39.7 36.0 48.1  
- : not calculated 
What we can first say from the results of the third phase of experiment is the confirmation that 
the best catalyst are the A2 spheres, as they present the higher reduction rate (48%) no matter 
the way the peroxide is added or its amount (Table 13).  
The TOC removal with time comparing the different amounts of H2O2 used it is represented in 
Figure 15 (a). Table 14 represents the relative efficiency between the different ways to use the 
H2O2. This rates are presenting how more efficient is one method than the other, or what it is 
the same, how bigger is one value than the other. So we see that the Sp. which have a TOC 
removal of 47.7% for 15 ml (Table 13) minus the TOC removal for 10 ml (38.7%) divided between 
47.7% we obtain that for Sp. I to add 15 ml instead of 10 works an 18.8% better (Table 14). 
Nevertheless for the Sp. A2 this trend changes and the result of -11.8% is showing that to work 
with an addition of 10 ml of H2O2 presents a better TOC removal than 15 ml of H2O2.  
After making the average of this comparison rates we observe that the unique value showing a 
common trend is presented in the way to add 5 ml of H2O2, which in the case of all catalysts is 
better adding 5 ml at once than 5 ml during the 200 minutes of the experiment (16.3%). This 
comparison is also shown in Figure 15 (b). Hence in this experiment it does not really matter 
how the peroxide is added, with the exception of the comparison between 5 ml or 5x1 ml. 
On the other hand, on Figure 15 (a) we see that all the different amounts of H2O2 were working 
in a similar way, this is also numerically shown as the average of comparisons in the Table 14.  
From these observed results we could say that in our case the amount of H2O2 does not really 
matter as far as there is enough H2O2 at the beginning for the reaction to begin, as it was seen 
that with 1 initial ml the reduction rate decreased significantly. We can conclude that with less 
than 5 ml of the H2O2 the reaction efficiency decreases, but between 5 to 15 ml there is still 
enough H2O2 after 200 minutes for the reaction to keep working.  
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Figure 15. (a) Comparison of the TOC removal between different amounts of H2O2. Figure 15 (b) Comparison on the 
TOC removal with different doses of H2O2: 5; 5x1; 10; 5x2 ml. 
 
Table 14. Relative efficiency of the different amounts and ways to add the H2O2. 
  
Addition of H2O2 
Relative Efficiency (%) Average Relative 
Efficiency (%) Sp. I Sp. II Sp. A2 
15 to 10ml 18.8 -3.7 -11.8 1.1 
15 to 5ml 16.3 -4.9 -4.1 2.5 
10 to 5ml -3.1 -1.1 6.9 0.9 
5 to 5x1ml 20.2 21.2 7.4 16.3 
10 to 5x2ml -4.6 3.5 -10.6 -3.9 
 
 
 
 
 
  
0%
10%
20%
30%
40%
50%
0 40 80 120 160 200
TO
C
 r
em
o
va
l (
%
)
Time (min)
Catalyst I
0 40 80 120 160 200
Time (min)
Catalyst II
5 ml 10ml 15ml
0 40 80 120 160 200
Time (min)
Catalyst A2
0%
10%
20%
30%
40%
50%
60%
0 40 80 120 160 200
T
O
C
 r
e
m
o
v
a
l 
(%
)
Time (min)
Catalyst I
0 40 80 120 160 200
Time (min)
Catalyst II
5 ml 5x1 10ml 5x2
0 40 80 120 160 200
Time (min)
Catalyst A2
(a) 
(b) 
53 
 
5.4. Leaching test 
One of the main advantages of the heterogeneous Fenton reaction in comparison with the 
homogeneous one is the prevention of possible iron pollution of the water treated.  
According to 3.4.1.2.1, the concentration of iron in the water cannot be over 2 mg/l (Soon & 
Hameed, 2010). Therefore it should be checked if the iron spheres used as catalyst for the 
heterogeneous reaction are expressing some leaching during the process. That’s why a leaching 
test was used for every experiment. 
As the Table 15 shows, no type of catalysts has a leaching over 2 mg/l during the 200 min of the 
experiment going from 0.06 mg/l for the Sp. D1 to 1.54 mg/l for the Sp. I. 
Table 15. Average leaching of the different catalysts. 
 Type of 
catalysts 
Sp. I Sp. II Sp. IIBis Sp. III Sp. A1 Sp. A2 Sp. A3 Sp. A4 Sp. D1 
Concentration 
of total iron 
(mg/l) 
1.54 0.70 0.78 1.27 1.20 0.50 0.75 0.58 0.06 
 
However, the leaching from the catalyst oxidised by acid is higher than the rest. On the other 
hand, the catalysts oxidised by iron deposition presents the lowest leaching value (0.06 mg/l).  
 
5.5. Kinetics 
For every reaction it is necessary to find the kinetic reaction constant (k) to estimate the time 
needed to achieve a certain concentration of the reactant.   
In order to obtain a reaction order for the Fenton process that it’s being studied, three 
experiments with three different catalysts were run until the reaction was finished. Catalysts 
applied were selected randomly: Spheres II, A1 and A2.  
Sp. II, Sp. A2 and Sp. A1 were tested up to 10 hours. The obtained results are in Figure 16, Figure 
17 and Figure 18. They are represented as TOC concentration versus time. In this case at the end 
of the process the line is not following anymore a linear trend, but a curved one, meaning that 
it probably fits the first order reaction.  
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Figure 16. PA removal expressed as TOC with Spheres A2 versus time at T = 60 ºC. 
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Figure 17. PA removal expressed as TOC with Spheres A1 versus time at T = 60 ºC. 
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Doing the mass balance in a reactor we obtain: 
 
𝐼𝑛𝑝𝑢𝑡 − 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 + 𝐷𝑖𝑠𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 
 
In catalytic systems the rate of reaction can be expressed in one of many equivalent ways. In 
this case the kinetic constant should belong to zero or first order reactions, but as it’s said above, 
the first assumption will be for the first order (Lin, Ho, & Wu, 1996). 
In a batch reactor, without input or output flow, in catalytic system the kinetic equation goes 
like Eq. 19 (Levenspiel, 2002):  
 
𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝐷𝑖𝑠𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 
 
𝑑𝑁𝑎
𝑑𝑡
·
1
𝑉
= (−𝑟𝑎) 
 
Where: 
Na: Number of moles of PA (mole). 
t: Time (min). 
V: Volume of solution (l). 
ra: Reaction rate (mg·l-1·min-1). 
 
 
  
Eq. 19 
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Figure 18. PA removal expressed as TOC with Spheres II versus time at T = 60 ºC. 
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Eq. 23 
Eq. 21 
Eq. 22 
When the volume is constant it can be written: 
 
−
𝑑𝐶𝑎
𝑑𝑡
= (−𝑟𝑎) 
 
Where: 
Ca: Concentration of PA (mg/l). 
t: Time (min). 
ra: Reaction rate (moles·l-1·min-1). 
 
 
According to the hypothesis that this Fenton reaction is a first order one, the equation can be 
written as it follows (Eq. 21):  
−𝑟𝑎 = 𝑘 · 𝐶𝑎 
Where: 
Ca: Concentration of PA (mg/l). 
k: Kinetic constant (min-1)*. 
ra: Reaction rate (mg·l-1·min-1). 
 
 
Inserting the Equation 20 into the Equation 21 could be obtained Eq. 22: 
−
𝑑𝐶𝑎
𝑑𝑡
= 𝑘 · 𝐶𝑎;  
Integrating both sides:  
∫ 𝑘 · 𝑑𝑡
𝑡
0
= −∫
𝑑𝐶𝑎
𝐶𝑎
𝐶𝑎
𝐶𝑎0
 
 
𝑘 · 𝑡 = ln 
𝐶𝑎𝑜
𝐶𝑎
 
Where: 
Ca: Concentration of PA (mg/l). 
Ca0: Initial concentration of PA (mg/l). 
k: Kinetic constant (min-1). 
t: Time (min). 
 
Data from Figures 16, 17 and 18 were used to plot Figures 19, 20 and 21 using Eq. 24. 
 
                                                          
* Includes transport from the bulk liquid to the catalyst external surface and reaction on the surface 
Eq. 24 
Eq. 20 
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Figure 20 ln (TOC0 / TOC) versus time: Sp. A1. 
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Figure 19. ln (TOC0 / TOC) versus time: Sp. A2. 
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None of the three trend lines is fitting completely to the line plotted (Figure 19, 20, 21).  This is 
showing that the reaction mechanism is too complex to fit the first order kinetics. This is due 
to the fact that PA can decompose directly to CO2 and H2O or via series of consecutive 
reactions into acetaldehyde, acetic acid and several gaseous products as the Figure 22 shows 
(Day, Hudgins, & Silveston, 1973). 
 
Figure 22. Proposed scheme for the oxidation of propionic acid (Day, Hudgins, & Silveston, 1973). 
From the results obtained it can be concluded that the catalyst with better TOC removal is the 
Sp. A2, followed by Sp. II and Sp. A1. Obtaining then the same result as with the experiments 
two and three. The kinetic constants found during this experimentation are applicable only to 
the catalysts and tests done on this experiment.  
 
Table 16. Kinetic constants for the different catalysts used. 
Catalyst Method of oxidation Temperature Concentration Time (hours) k (min-1) 
Sp. II Acid oxidation Ambient 0.05 M HCl 1.5 0.0036 
Sp. A1 Air oxidation 600 ºC No reagent added 4.0 0.0028 
Sp. A2 Air oxidation 800 ºC No reagent added 4.0 0.0050 
Figure 21. ln (TOC0 / TOC) versus time: Sp. II. 
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6. Conclusions 
Water pollution is a problem to face towards the new century that the mankind has to face. 
Water is the natural most used resource, and its quality, even though has had a significant 
advance throughout the last years, still needs to be improved. 
New kinds of pollutants that need to be treated are appearing into the wastewater around the 
globe, and for their removal new water treatment technologies should be developed.  
In this thesis we have focused on the Fenton’s reaction. A process that belongs in the group of 
so called Advanced Oxidation Processes (AOPs). Between the several AOPs available, Fenton’s 
process is one of which has a better future to be implemented in the classical water treatment 
plants, it presents an easy operational mode, a short and environmental friendly amount of 
reagents and not drastic conditions like extreme pHs or high pressures and temperatures. 
Nevertheless this process is catalysed by iron oxide, which makes the need to use the best 
catalyst possible. This has led to the test of different kinds of catalyst exposed to different 
conditions before their use in order to find the proper one. Its efficiency is very variable as it 
depends on many factors, like the catalytic support or the pollutant to be treated. But the 
research until now is pointing to its general good efficiency. 
The catalyst prepared during this thesis were iron spheres oxidised by air or hydrochloric acid, 
both are low cost procedures which are presenting similar reduction rates depending on the 
time and concentration, but without one predominant one as it has been seen. All catalysts were 
tested with propionic acid as the model compound for the organic pollution.  
The other two parameters that influence and determine the reaction efficiency are the 
temperature and the amount of the Fenton’s reagent, H2O2. For both of them a balance is 
needed to keep the optimal reaction efficiency. During this study 60 ºC and additions between 
5 to 15 ml of H2O2 to 50 ml of solution were found to be the most efficient ones with around 40 
to 50% of PA degradation after 200 minutes of reaction, without scavenging problems found. 
Another aspect tested was the iron leaching that the catalysts could present. After several 
experiments none of the spheres tested during this thesis had a remarkable iron leaching. 
Consequently they are perfect to be used following the environmental requirements.  
Another parameter that has a vital role for the homogeneous Fenton’s process, the pH, is not 
relevant for the heterogeneous reaction, as far as it is kept under a smoothly acidic solution. 
This conditions is achieved by the nature of the pollutant selected for this study, the propionic 
acid.  
Because of this two factors, the neutral pH and the minimum leaching that the catalysts have, 
this process is accomplishing one of the firsts premises that we had, and efficient  and such a 
treatment process that could become an environmental friendly solution. 
It can be concluded then that the heterogeneous Fenton reaction presents an acceptable 
removal rate of organic pollutants without complicated procedures and several reactors. 
Keeping it cost-effective and environmentally friendly. The combination of this process with 
others could result in treated water to fit both environmental and economic requirements. 
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